Introduction
Genetic characterization of the concurrently circulating poliovirus strains is important for proper monitoring of the progress of the polio eradication programme of the World Health Organization (WHO). Published studies have mostly been concerned with the genetic divergence of poliovirus type 1 (Rico-Hesse et al., 1987; Kew et al., 1990; Zheng et al., 1993; van Niekerk et al., 1994; Mulders et al., 1995; Lipskaya et al., 1995) , while the evolutionary branching of poliovirus type 3 Lipskaya et al., 1995 ; P6yry et al., 1990; Oostvogel et al., 1994) and especially that of type 2 are less well characterized. All these studies have shown great variability of polioviruses and made it possible to find epidemiological links between geographically distant strains.
In spite of the remarkable progress of the WHO programme for global eradication of poliomyelitis, endemic poliovirus circulation still persists in many Asian countries including Pakistan. Patients with acute *Author for correspondence. Fax +358 0 4744355. e-mail anita.huovilainen @ ktl.fi poliomyelitis from all over the province of Sindh in Pakistan have been referred to the Civil Hospital Karachi, and since 1989 they have been followed clinically (Agboatwalla, 1992) and examined virologically (Isomura et al., 1993; Roivainen et al., 1993) . The problems with the efficiency of the oral poliovirus vaccine (OPV) programmes, often faced in developing countries , can also be found in Pakistan. The reported OPV coverage is about 80 %, but the percentage of vaccine failure cases was estimated to be 20% in the Karachi region (Isomura et al., 1993) . More than 80 % of unvaccinated children were seropositive against all poliovirus serotypes at the age of five (Isomura et al., 1993) , indicating a widespread circulation of wild polioviruses. In addition, there was an outbreak caused by serotype 1 in autumn 1990 and another caused by serotype 2 in 1991 (Isomura et al., 1993) .
In this study we have analysed genetic relationships between wild poliovirus strains within all three serotypes isolated from children with acute poliomyelitis in the Civil Hospital Karachi, in 1989 Karachi, in -1993 , by using RT-PCR amplification and solid phase sequencing. Sequence data for the VP1/2A junction region were obtained and compared with those of previously isolated strains.
Methods

RNA extraction, RT-PCR and sequencing of PCR products.
Enrolment of patients, collection of faecal specimens and isolation of virus strains in cell cultures as well as identification of the isolates by neutralization with type specific hyperimmune rabbit antisera were as described previously (Roivainen et al., 1993) . Serotype 1 was most often isolated from the specimens. Because of the greater number of type 1 strains, only about one-third of them were sequenced instead of two-thirds for serotypes 2 and 3.
For sequence analysis, one culture tube of GMK cells (a continuous cell line of green monkey kidney origin) was infected with the test virus at the first passage level and grown until CPE was complete. The cells were then frozen and thawed, centrifuged at low speed, and treated with proteinase K (Boehringer Mannheim) at a final concentration of 100 lag/ml for 1 h at 55 °C. After phenol extraction and ethanol precipitation the RNA was dried, resuspended in 50 ~tl of RNase free water and 40 U of RNase inhibitor (Promega) was added.
Six microlitres of this suspension was used for eDNA synthesis with 100 pmol of primer 612 (Table 1 ). The 40 ~tl reaction mixture contained 50 mM-Tris-HC1 pH 8.3, 70 mM-KC1, 10 mM-MgC12, 0"5 mM-dNTPs, 40 U of RNAse inhibitor and 40 U of AMV reverse transcriptase (Life Sciences). The mixture was incubated for 1 h at 42 °C and for an additional 10 min at 65 °C to inactivate the enzyme. Two microlitres of cDNA-reaction mixture was used for PCR. The variation of the virus strains made it necessary to use more than one primer pair for each serotype. Type 1 strains were amplified with primers 4069-B3480 or 3430--B3480, type 2 strains with primers 3429-B3480 or B479-2785 and type 3 strains with primers 3484-B3480 or 3430-B3480 (Table 1) . Usually, 100 pmol of primer was used per reaction, although in some cases the biotinylated primer (B479 or B3480) was used in a 3-10-fold excess (100 pmol) as compared to the other primer of the pair (10-30pmol). The 100lal reaction mixture contained a 200gM concentration of each dNTP, 0.01% gelatin, 0.1% Triton X-100, 50 mM-KC1, 1.5 mM-MgC12, 50 mM-Tris-HC1 pH 8.8 and 4 U of Taq polymerase. Temperature cycling was performed using MJ Research PTC-100 or Pharmacia LKB thermal cyclers. For the first five cycles low stringency PCR conditions were used to amplify cDNA from as many virus strains as possible. The temperatures and times for denaturation, annealing and elongation were 94 °C for 1 rain, 30 °C for 1 min and 72 °C for 1 rain, respectively, for the first five cycles, and 94 °C for 1 min, 50 °C for 1 min and 72 °C for 1 min for the next 35 cycles. After completion of the cycling programme, an additional 5 min incubation at 72 °C was used to ensure the completion of final extensions.
Biotinylated amplicons were captured on avidin-coated polystyrene beads (Avidin-Fluoricon Assay particles, IDEXX) as described earlier (Salminen, 1992) . Strains 21196/92, 21197/92, 21198/92 and 21199/92 were isolated by Dr Dil in Islamabad, Pakistan.
Computer analysis of sequences. The sequence analysis was based on 150 nucleotides in the VP1/2A junction region and was performed on a VAX computer. The nucleotide identities were calculated with the GAP program of the Genetics Computer Group Package (Devereux et aL, 1984) . Dendrograms were created with the program Clusta! V (Higgins et al., 1992) . Some published VP 1/2A sequences were used in sequence comparisons: P1/16006/IND82 (Rico-Hesse et al., 1987) , P1/7064/IND86 , P1/1372/CHN90 (Zheng et al., 1993) Kew et al., 1990) , and P3/23127/FIN84 (Hughes et al., 1986) .
Results
Genetic divergence in the VP1/2A region
Thirty-five poliovirus type 1 strains isolated in Pakistan during 1989-1993 were partially sequenced, The strains 2955-2975** 
5' GTAT(G/A)TTCCTCC(A/C/G/T)GG(A/C/G/T)G(C/G)(A/C/G/T)CC 3'
5' GG(A/C/G/T)GA(C/T)TG(C/T)GG(A/C/G/T)GGAATA(C/T)T 3"
3484 3161-3179"** 5' AGTGCAATGACTGTGGATG 3' B3480 3478-3495*** 5' ATCAGGTCTCTGTTCCAC 3'
]" Depending on the serotype the numbering is according to Sabin 1 (*) (Nomoto et al., 1982) , Sabin 2 (**) (Toyoda et al., 1984) or Sabin 3 (***) (Stanway et al., 1984) strains. could be divided into three genotypes: A, B and C ( Fig.  1) , using the designated criterion that a strain represents a new genotype if it has less than 85 % nucleotide identity with previous ones (Rico-Hesse et al., 1987) . Two of the genotypes (B and C) contained two discernible clusters (a and b).
The recently published data concerning the molecular epidemiology of wild poliovirus type 1 genotypes circulating in Europe and in the Middle East give an overview of related strains for all Pakistani poliovirus type 1 genotypes. In this study we took a closer look at genotype C. Several direct epidemiological links, by definition having a minimum nucleotide identity value of 98 % (Rico- Hesse et al., 1987) , were found when comparing the strains belonging to cluster b of genotype C with strains isolated recently elsewhere ( Fig. 2) : strain P1-8768 isolated in 1988 in Oman shared 98'7 % nucleotide identity with strain P1-046 representing the Pakistani poliovirus type 1 epidemic strains. There is 98 % nucleotide identity between P1-2742 isolated in 1992 in Jordan and Pakistani strain P1-193 isolated in 1992. The closest related strain to Pakistani poliovirus type 1 strains was found to be strain P1-9261 isolated in 1992 in the United Arab Emirates. It shared 99-3% nucleotide identity with Pakistani strain Pl-181 isolated in 1991. The other cluster (a) of genotype C was distantly (with about 90 % nucleotide identity) related to strains isolated in 1990 and 1991 in northwestern China (Zheng et at., 1993) (Fig. 2) a minimum nucleotide identity of about 88 % (Fig. 3) . Strains circulating in 1990 (P2-009, P2-37 and P2-56) belonged to two clusters. These clusters differed from each other by a maximum of 12"5 %, while the strains other type 2 strains isolated over several decades in different parts of the world (Fig. 4) . The closest relatives were found in India: for example, strain P2-8671 isolated in 1991 in India had 94.7% nucleotide identity with Pakistani strain P2-037 isolated in 1990. Twelve poliovirus type 3 strains isolated in 1990-1993 in Pakistan belonged to one genotype with a minimum nucleotide identity of 89"3 % (Fig. 5) . One strain (P3-080, isolated in October 1990) belonged to an additional genotype and shared 90 % nucleotide identity with strain P3-0670 isolated in 1991 in Oman (Fig. 6) . No direct epidemiological links between the Pakistani type 3 strains and the strains isolated during the last decade elsewhere were found. The closest relatives to the main genotype in Pakistan were the epidemic strains isolated in 1992 in the Netherlands (represented by strain P3-16260) (Oostvogel et al., 1994) , strains isolated in 1991-1992 in India and a strain isolated in 1992 in France (P3-19638) (Fig. 6) .
Amino acid replacements in the VPI /2A junction region of Pakistani poliovirus strains
Most of the nucleotide differences between strains were silent. The variable positions and the amino acid residues differing from those of Sabin vaccine strains, found among the sequenced Pakistani strains, are shown in Fig.  7 . Pakistani poliovirus type 1 strains 162, 177, 185 and 190 belonging to genotype C, cluster a, had the same amino acid composition in the VPI region as Sabin 1 vaccine strain. All Pakistani poliovirus type 2 strains had a substitution of tyrosine for phenylalanine-280 of VP1 of the Sabin 2 strain. One Pakistani poliovirus type 3 strain (085) had a substitution of serine for alanine-274 of the Sabin 3 strain. At antigenic site 3A (underlined in Fig. 7 ) all Pakistani poliovirus type 3 strains differed totally from the Sabin 3 vaccine strain. Most of them had amino acids 286-290 lysine-aspartic acid-glycineleucine-alanine (KDGLA) instead of arginineasparagine-asparagine-leucine-aspartic acid (RNNLD). Strain 80 belonging to the minority Pakistani genotype differed from the other Pakistani strains at antigenic site 3A by having a glutamic acid instead of glycine at position 288 of VP1.
In protease 2A amino acid 2 varied, being phenylalanine, tyrosine, leucine, histidine or cysteine in type 1 strains and phenylalanine or tyrosine in type 2 strains. Other variable positions were amino acid 6 in type 1 and type 3 strains and amino acid 19 in type 1 strains (Fig. 7) . (Stanway et al., 1984) .
P3-SABZN
Discussion
Partial sequence covering the VP1/2A junction region is regularly used in molecular epidemiological studies on polioviruses, because of the considerable data bank available for comparison. In order to study the range and patterns of the genetic variation of currently circulating wild-type polioviruses, we sequenced 77 wild poliovirus strains representing all three serotypes. Strains were isolated from paralytic patients in Pakistan (mostly in the Karachi region), where polio is endemic. Most of the strains isolated were found to be genetically related to strains isolated previously or concurrently in neighbouring countries. Three poliovirus type 1 genotypes (A, B and C) with separate clusters (Ba, Bb, Ca and Cb), possibly in the course of segregating to new genotypes, were found to have circulated during the years monitored. Cluster Cb included a number of strains, isolated between June and October in 1990, that had at least 98% nucleotide identity, indicating that these strains were the causative agents of the poliovirus type 1 outbreak described earlier (Isomura et al., 1993) . A sign of an emerging epidemic might be that three poliovirus type 1 strains isolated in 1993 showed very high nucleotide identity (100-99.3 %, Fig. l) . Strains related to cluster Cb have circulated for over 10 years in Europe, the Middle East and the Indian subcontinent . Many of the epidemics caused by strains belonging to this genotype Sutter et al., 1991; WHO, 1993) were genetically linked to Pakistan.
Only a few strains belonging to genotypes A and B could be found among a large number of sequenced strains, suggesting that those genotypes may not be truly endemic for the Karachi region. One of the four strains (21196-9) isolated in Islamabad, in the northern part of the country, belonged to genotype B and the others to cluster b of genotype C indicating that the same genotypes were circulating in Karachi and Islamabad. Recently, representatives of six different genotypes of poliovirus type 1 were found among strains collected during 1982-1991 in China (Zheng et al., 1993) . We found the strains belonging to cluster a of genotype C to be distantly related (about 90 % nucleotide identity, Fig.  2 ) to the genotype CHN-XJ90 circulating in the northeastern part of China.
Molecular epidemiology of contemporary polioviruses in the other neighbouring countries, India, Iran and Tadjikistan is poorly known. So far, only one poliovirus type 1 genotype has been described for Iran, and another for India and Tadjikistan Lipskaya et al., 1995) . Strains belonging to both of those genotypes were also isolated in Pakistan, clusters Bb and Cb. No molecular epidemiological data on polioviruses circulating in Afghanistan are available. The polio immunization coverage there was only 33% in 1990 (WHO, 1991) and wild polioviruses of all three serotypes are presumably co-circulating. Circulation of poliovirus type 2 in a vaccinated population is considered to be a sign of vaccine or vaccination failure, since circulation of type 2 poliovirus is supposed to be best inhibited by vaccines. Kew et al. (1990) isolated recently in India and Pakistan belonged to the same genotype, which has been circulating for several years. Two separate clusters were found in Pakistan; the cluster dominating in 1991-1992 was responsible for the outbreak, while strains belonging to the other cluster were found only before the epidemic. Poliovirus type 3 strains formed a minority among the strains isolated from the Pakistani specimens indicating low circulation of type 3 strains. No epidemic strains (with at least 98 % nucleotide identity) like type 1 and 2 were found during the years examined. A strain related to Pakistani strains was isolated in 1992 in France. The outbreak in 1992-1993 among an unvaccinated religious group in the Netherlands (Oostvogel et al., 1994) was also caused by a strain belonging to the same genotype as the Pakistani strains.
The designated antigenic site 3A is considered to be important only for poliovirus type 3 . The observed wide variation of Pakistani type 1 polioviruses at and near this antigenic site suggested, however, that the carboxyl terminus of VP1 may also be antigenic in serotype 1. On the other hand, the epidemic type 1 strains isolated in 1990 had amino acids in the carboxyl terminus of VP1 identical with those of the Sabin 1 vaccine strain.
Protease 2A catalyses the cleavage of the large polyprotein at the structural/nonstructural protein junction (Toyoda et al., 1986) . The amino acid composition of 2A, and especially that of its N-terminal part is highly conserved among known polioviruses (Palmenberg et al., 1990) . Only one of the variable positions of Pakistani strains (amino acid 19) in the amino-terminal end of protease 2A was located near to the catalytic triad in the hypothesized structure of 2A (Bazan & Fletterick, 1988) and possibly might have some influence on enzyme activity. Consistent with the earlier published data (Rico-Hesse et al., 1987) , we found that amino acid 2 especially is variable in poliovirus type 1 (Fig. 7) . Amino acids found in this position shared no common structural or physiological characteristics. Mutational analysis of the substrate recognition determinants of protease 2A has revealed that variation in this position is quite well tolerated (Hellen et al., 1992) .
We have analysed the genetic relationships of all three poliovirus serotypes in the Karachi region in Pakistan. Among the studied strains, type 1 presented greatest variation. In spite of a relatively large number of strains sequenced no new genotypes were found. Strains belonging to all the genotypes described have been previously or concurrently described elsewhere, but direct epidemiological links were found only in the case of genotype C of poliovirus type 1. There have been several outbreaks caused by this genotype in the Middle East and in south-western Asia during the last few years.
